Making artificial fibers inspired in spider silks is considered as one of the milestones in the field of biomimetics. The interest is usually justified by the outstanding tensile properties of natural fibers, but it is usually overlooked that spider silk is endowed with a number of related properties -supercontraction, recovery and the existence of a ground state -that impart the material with additional desirable features, such as the possibility of tuning its mechanical behaviour. In this work we present a review on the experimental Kevwordsanalysis and significance of these properties, stressing the contributions of our research group to the field. It is Spider silk a ' s0 demonstrated how the knowledge gained in the basic study of the natural material has been essential for Supercontraction the improvement of the properties exhibited by artificially processed bio-inspired silk fibers. Regenerated silk
Introduction: experimental evidence and biological significance of silk supercontraction
Spider silk is renowned for its unique combination of high tensile strength and large strain at breaking, which results in the largest work to fracture of any material either natural or artificial [1 ] . However, it is very often overlooked that spider silk is endowed with another feature comparable in its singularity to its outstanding tensile properties: the ability to tune its mechanical behaviour in a predictable and controllable way [2] , as reflected by the possibility of obtaining fibers at will with any given tensile behaviour within the range of stress-strain curves exhibited by the material.
The analysis of this and the other related features revised in this work started with the assessment of an intriguing property of spider silk labelled as supercontraction. The term supercontraction describes the shrinkage -up to half its initial length -of silk fibers spun from the major ampullate silk gland (MAS) [3, 4] of orb-web spiders when immersed in water or subjected to high relative humidity environments with their ends unrestrained.
It was also found that supercontraction leads to another significant modification of the properties of spider silk fibers, since the tensile behaviour of supercontracted MAS fibers tested in water corresponds to an elastomer [5] as illustrated in Fig. 1 . The elastomeric behaviour is characterized by an extremely low value of the elastic modulus at small deformations and a significant increase of stiffness at large deformations, in contrast with the behaviour of MAS fibers tested in air, either as spun or subjected to previous supercontraction and dried (Fig. 1) .
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its role in the performance of the material. In parallel with its discovery, it was proposed that supercontraction might allow keeping the web taut under high humidity conditions [3] . This interpretation was apparently questioned by measurements on the relaxation of stresses in MAS fibers under high relative humidity conditions [6] , that seemed to establish the complete relaxation of supercontraction stresses in a period of minutes. Later studies [7, 8] , however, established that typical relaxation times were in the range of hours, and stresses relaxed a relatively small percentage of their initial value. These results indicated that the role of supercontraction in tensioning the web under humid environments could not be refused on purely mechanical grounds.
Paradoxically, the main reason against this initial hypothesis arises from the widespread presence of supercontraction throughout the evolution of the lineage. Thus, it has been found that the tensile properties of MAS fibers spun by orb-web spiders evolved in a rather unexpected way for a period of over 100 million years [9] . Thus, despite strong arguments in favour of a large divergence in the properties of MAS fibers spun by different species [10], the stressstrain curves of MAS fibers have remained remarkably constant. As it is shown in Fig. 2 , it has been found that the stress-strain curves of MAS fibers from orb-web weaving species can be grouped into patterns not related to phylogeny but, intriguingly, differences between groups are especially evident in the properties of supercontracted fibers [11] . These findings, however, did not shed light on the exact role of supercontraction.
Supercontraction, recovery and the existence of a ground state for MAS fibers
Most of the uncertainties referred to the behaviour of silks can be related to a lesser or greater extent with the lack of a detailed knowledge on most of the microstructural and hierarchical aspects of polymeric chains with elastomeric behaviour and hydrogen bonds superimposed on them [14] . The elastomeric chains are linked through nanocrystals formed by piling up (3-sheets [15, 16] , whose formation depends on the sequence of the silk proteins [17, 18] , and whose size is tuned to optimize simultaneously strength and resilience [19] , Supercontraction can be justified in the frame of the molecular model under the assumption that the polymeric chains are prestressed in the silk fibers spun by the spider. Immersion in water would cause the disruption of hydrogen bonds, since protein-protein interactions would be substituted by interactions between protein residues and free water molecules. The collapse of the hydrogen bonds mesh would allow the elastomeric chains to return to their equilibrium conformation by reducing the initial stresses which, in turn, would imply the reduction in the length of the fiber. The elastomeric behaviour of the fiber tested in water simply reflects the microscopic mechanical properties of its constituent protein chains in the absence of protein-protein hydrogen bonds.
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Despite its success in justifying supercontraction and its satisfactory application to the numerical simulation of silk fibers, the model was not intended to give a complete description of the mechanisms responsible for the observed properties of silk. In this context, the full experimental confirmation that the main assumptions of the model corresponded to the actual behaviour of the material at molecular level was obtained from the analysis of an apparently independent aspect of spider silk.
Variability was soon acknowledged as one of the major drawbacks for the study of silks and, especially, spider silk [20, 21] . It was found that fibers produced and retrieved under nominally identical conditions yielded stress-strain curves within an extremely wide range of values [3, 22] (see Fig. 1 ), which in practice prevented the drawing of reliable conclusions on most aspects regarding the mechanical performance of the material [23] . From a biological perspective, however, the synthesis of a material with a fixed composition whose mechanical behaviour could be modified to adapt its properties to the immediate requirements of the spider seemed to offer an obvious advantage [24] ,
The analysis of the properties of supercontracted fibers and of the variability of MAS silk converged in the study of maximum supercontracted fibers, dried and tested in air, since it was established that the stress-strain curves of MAS fibers spun by Argiope trifasdata spiders concurred in a universal curve, which was labelled as maximum supercontracted or MS state [2] . It was later proven that the MS state constituted a true ground state, since any fiber could reach the MS state independent from its previous loading history [25, 26] . This latter property was labelled as recovery since it was demonstrated that fibers stretched to large deformations, which yielded the irreversible modification of their tensile properties in air, recovered their initial properties after supercontraction (Fig. 3) .
The existence of a ground state allows tuning the properties of MAS silk fibers in a predictable and reproducible way by simply following a given sequence of loading steps. Following this rationale a procedure, labelled as wet stretching [27] (Fig. 4) , was developed that consists of stretching a silk fiber in water, which was previously subjected to maximum supercontraction. After the fiber reaches a predetermined length, their ends are fixed and the fiber is allowed to dry. The process is characterized quantitatively by the alignment parameter, a, which is defined as a = L c /L M s -1, where Lc is the length of the fiber after stretching in water and L MS is the length of the fiber after maximum supercontraction. As it is shown in Fig. 4 the whole range of tensile properties exhibited by MAS spider silk is obtained by simply varying the value of the alignment parameter. The initial studies on A. trifasdata MAS fibers were subsequently extended to other species, demonstrating the general character of the maximum supercontracted state and the recovery in the MAS silk of orb-web spinning spiders [9,28], It has been hypothesized that a similar mechanism takes place in the silk gland of the spider, being the basis of the production of natural fibers with tunable properties. Under this hypothesis, it is assumed that, immediately after solidification within the gland, the fiber shows the elastomeric behaviour of a supercontracted fiber in water. The spider can fix the alignment parameter by controlling the stress exerted on the elastomeric fiber during spinning [29] , The results presented above highlight the importance of the existence of a ground state, a property that underlies the shrinkage of the fibers in humid environments, their recovery after irreversible stretching and the tuning of the mechanical properties of MAS silk. Besides, the proposed relationship between supercontraction, processing and the possibility of modifying the tensile properties of the fibers sets the question of the biological function of supercontraction under a new perspective. In this regard, supercontraction itself would not be the main property that has driven natural selection during the evolution of orb-web spiders, but most likely the possibility of adapting the material to the requirements of the spider in the web or as a safety line [9] . In this context, supercontraction can be understood as a byproduct of the existence of a ground state, a hypothesis that does not exclude that tensioning the web under humid environments might be an additional benefit from the underlying property.
Recovery in the context of biomimetics
The production of artificial fibers inspired in spider silk is usually considered as one of the milestones in the field of biomimetics [30] , The relatively simple composition of the fibers and their excellent tensile properties has led to an increasing number of works dealing both with the synthesis of proteins using genetic engineering techniques [31] [32] [33] and with the spinning of fibers from natural protein solutions [34, 35] . The whole process was first completed in 2002 [36] with the production of completely artificial fibers bioinspired in MAS silk. However, the differences at all levels between natural and artificial processing paths pose the pressing question of which properties are maintained and which are lost in the artificial materials compared with those characteristic of the original ones.
In this regard, the previous discussion shows that supercontraction and related effects in MAS silk represent an adequate case study on the conditions required to mimic nature, due to its singularity and to the interest in its transfer to artificial fibers. Besides, it can also provide useful information in the debate on the relative importance of primary structure (i.e. sequence) and processing in the properties of silk fibers.
The sequence of the proteins that compose spider silk or spidroin has usually been considered as the main candidate to explain the outstanding behaviour of the material. The strict conservation along evolution for over 100 million years [18] of a small number of motifs of sequence [37] led to the evident conclusion that this repetition of amino acids was essential for the tensile behaviour of the fibers. This basic idea was supported by the remarkable differences between the mechanical properties of spider silk and silkworm silk [38] : Silkworm silk fibers are stiffer, but do not reach the high values of strain at breaking and tensile strength characteristic of spider silk. Even more significantly, silkworm silk fibers do not supercontract if immersed in water [1] . The absence of some characteristic motifs of sequence found in MAS spider silk and the appearance of a different motif in the sequence of silkworm silk fibroin [39] were considered as a clear evidence of the essential role played by the primary structure of the proteins.
However, the refinement of the spinning techniques for the synthesis of regenerated silkworm silk fibers has led to a substantial readdressing of the problem. Regenerated silkworm silk fibers are produced by dissolving natural silkworm silk, preparing a spinnable protein solution (dope) and synthesising the fibers through a wet spinning process [40] . Several processes were proposed following this basic scheme that differ in the use of different compositions for the dope [41] [42] [43] . However, the poor tensile properties reported for regenerated fibers did not allow inferring any reliable conclusion on the range of properties that could be reached through different processing paths from the same protein sequence. The modest performance of regenerated fibers compared with that of natural silkworm silk fiber was attributed by some researchers to the necessity of more sophisticated processing techniques that would somehow parallel the spinning process within the silk gland [44] , Other authors [45] still rely on the composition of the dope, as artificial silk only mimics part of natural silk proteins.
However, it was precisely the relevant role played by water in the performance of spider silk fibers, which led to the introduction of a very simple modification in the usual spinning procedure. Based on previous studies that highlighted both the importance of a postspinning drawing step [46] , and on the improvement of the tensile properties of regenerated fibers after being stretched in water [47] , the post-spinning drawing step was modified with the introduction of a water bath [48] . The modified procedure, labelled as immersion post-spinning drawing (IPSD), leads to regenerated fibers that show a ground state, as it was proven by the recovery of their properties after irreversible deformation if subjected to supercontraction in water (Fig. 5) . Besides, the mechanical properties of the IPSD regenerated fibers are comparable to those measured from natural silkworm silk fibers in terms of work to fracture, although MS regenerated fibers show lower tensile strength and larger deformation at breaking. The existence of a ground state in IPSD fibers offers the first opportunity to tune the tensile properties of artificially processed fibers with a procedure that parallels that of natural spider silk.
Future prospects
IPSD fibers represent a significant breakthrough in the field of biomimetics, since it states clearly that the properties behind biological systems are more accessible than previously expected.
In this regard, it is apparent that there may be several compositions that yield similar microstructures under appropriate processing conditions which, in turn, results in comparable mechanical properties. Thus, it has been found that the microstructural parameters of IPSD silkworm fibers resemble more closely those of spider silk than those of natural silkworm silk, with which it shares a common sequence. The parallelism is exemplified by the analysis of the crystalline fraction in IPSD, natural silkworm silk and spider silk fibers. The crystalline fraction of IPSD fibers yielded a value of 20% from X-ray diffraction data, a value comparable with the value determined for MAS spider silk (10-15%) and approximately one third of the value determined for natural silkworm silk (56-65%).
Reciprocally, the same composition may generate materials with different behaviour depending on the spinning conditions, as it was first shown in natural spider silk. The extreme ability of MAS fibers to modify their properties, as stated from mechanical tests, was supported by a number of microstructural characterization techniques [49, 50] that addressed at least the broad details of the conformational changes related with the modification of the properties. The assessment that this functional flexibility is also shared by artificially processed regenerated fibers has also found support from microstructural characterization techniques [34, 51] , This flexibility and the hidden surprises in the development of bioinspired materials can be illustrated with the effect exerted by post-spinning drawing on regenerated fibers. Post-spinning drawing in air was shown to lead to a significant improvement of the tensile properties of regenerated silkworm fibers, since the strain at breaking of post-spinning drawn fibers was comparable to that of the natural material [46] . It was immediately assumed that post-spinning drawing would modify the microstructure of regenerated fibers by generating a microstructure more similar to that of the natural material. However, the analysis of the fibers by atomic force microscopy showed that the typical size of the microstructural details of fibers subjected to post-spinning drawing was not only smaller than that observed in the natural material, but even smaller than that observed in fibers not subjected to post-spinning drawing [52] , Consequently, the improvement in the tensile behaviour was not the result of a microstructure more similar to natural silkworm silk, but rather the opposite.
The implications of these assessments could be far reaching for the development of biomimetics, since they give precedence to the need for a deeper understanding of the principles that underlie biological materials, over the attempt of copying nature by producing systems as similar as possible to the originals.
